Purpose: To compare the interobserver and intraobserver reliability of mean apparent diffusion coefficient (ADC) values using contrast-enhanced (CE) T1 weighted image (WI) and T2WI as structural images between manual and semiautomatic segmentation methods. Materials and Methods: Between January 2011 and May 2013, 28 patients who underwent brain MR with diffusion weighted image (DWI) and were pathologically confirmed as having glioblastoma participated in our study. The ADC values were measured twice in manual and semiautomatic segmentation methods using CE-T1WI and T2WI as structural images to obtain interobserver and intraobserver reliability. Moreover, intraobserver reliabilities of the different segmentation methods were assessed after subgrouping of the patients based on the MR findings. Results: Interobserver and intraobserver reliabilities were high in both manual and semiautomatic segmentation methods on CE-T1WI-based evaluation, while interobserver reliability on T2WI-based evaluation was not high enough to be used in a clinical context. The intraobserver reliability was particularly lower with the T2WI-based semiautomatic segmentation method in the subgroups with involved lobes ≤ 2, with partially demarcated tumor borders, poorly demarcated inner margins of the necrotic portion, and with perilesional edema. Conclusion: Both the manual and semiautomatic segmentation methods on CE-T1WI-based evaluation were clinically acceptable in the measurement of mean ADC values with high interobserver and intraobserver reliabilities.
INTRODUCTION
Glioblastoma multiforme (GBM) is one of the most lethal gliomas in adults, and it results in more years of life lost than other brain tumors (1) . Because the therapeutic agent can differ according to the tumor grade, it is critical to maintain the reliability and reproducibility of tumor grading to provide effective therapeutic agents for patients with gliomas (2, 3) . Various assessments of the differentiation of tumor grade have been proposed for use in planning treatment methods (4) . It remains doubtful whether tumor grade can be evaluated with sufficient specificity on diffusion-weighted (DW) MRI with quantitative apparent diffusion coefficients (ADCs) (5) (6) (7) . However, DWI with ADC is reportedly useful in predicting the response to treatment with bevacizumab for newly diagnosed or recurrent GBM (4, 8, 9) .
Several studies have addressed the segmentation of GBM with DWI and ADC maps that facilitate the prediction of tumor response after treatment. Fuzzy clustering and knowledge-based analysis were proposed in several early studies (10, 11) . More recently, studies have explored voxel-based classification methods (12) (13) (14) . Most of the aforementioned studies performed segmentation methods using multiple sequences, such as T1 weighted image (WI) and T2WI. In recent years, the semiautomatic method of drawing the region of interest (ROI) on contrast-enhanced T1WI (CE-T1WI) and thereafter mapping the tumor contour on the ADC map was proposed for the segmentation of GBM (8) . More methods of computer-aided diagnosis in GBM have been proposed and are currently used in research (12, 13) . However, it is still unclear which method is more reproducible and more useful in a clinical context in the characterization of GBM between manual and semiautomatic segmentation methods using DWI and ADC maps.
Hence, the purpose of our study was to compare interobserver and intraobserver reproducibility between the semiautomatic segmentation method and the manual segmentation method using CE-T1WI and T2WI as structural images by calculating the mean ADC values, which were derived from DWI in GBM. Furthermore, our aim was to compare intraobserver reproducibility between 2 different segmentation methods among the subgroups, which were divided according to the MR imaging findings.
MATERIALS AND METHODS

Patients
The Institutional Review Board of Seoul National University Hospital approved this study, and informed consent was waived because our study was retrospectively designed. Between January 2011 to May 2013, 88 patients underwent brain MR with DW MR imaging in our institution, with pathologic confirmation of grade IV GBM according to the World Health Organization (WHO) criteria. Twenty-eight (18 men, mean age 54.2 years old, age range 16-82 years old; 10 women, mean age 49 years old, age range 20-72 years old) of the 88 patients were selected after performing power analysis. All 28 patients who were enrolled in our study underwent MR imaging with DWI before treatment (Fig. 1 ).
MR Technique
All 28 patients were scanned with the same 3 Tesla (T) MR unit (Verio, Siemens Healthcare, Erlangen, Germany) with a 32-channel head coil. MR images were obtained on the axial plane with a field of view (FOV) of 240 x 240 mm, adjusted for each patient. The baseline MR images included transverse T2WI, using a turbo spin-echo (TSE) sequence (repetition time [TR] 3) , and multi-planar reconstructed transverse, coronal T1WI, with a sagittal three-dimensional magnetization-prepared rapid acquisition gradient echo (3D-MPRAGE) sequence (TR, 1500 ms; TE, 1.9 ms; FA, 9°; matrix, 256 × 232; section thickness, 1 mm; and NEX, 1). Echo-planar DW MR imaging of b = 0 and 1000 sec/mm 2 (TR, 6000 ms; TE, 63 ms; FA, 90°; matrix, 160 × 160; section thickness, 5 mm; intersection gap, 1 mm; sections, 25; voxel size, 1.5 × 1.5 × 5.0 mm 3 ; and bandwidth, 1953 Hz) was also acquired from the axial images. Then, an ADC map was calculated on a voxelby-voxel basis with the software incorporated into the MR unit. CE-T1WI was acquired after the administration of gadobutrol (Gadovist Ⓡ , Gd-BT-DO3A, Bayer Schering Pharma, Berlin, Germany) at a dose of 0.1 mmol/kg and an injection rate of 2 mL/sec.
Image Processing and Analysis
Histogram of the ADC values were obtained from the semiautomatic and manual segmentation methods, using structural images of CE-T1WI and T2WI, using commercialized software (Nordic TumorEx and Nordic ICE, NordicNeuroLab, Bergen, Norway). Histograms of the ADC values are assessed with multiple pixels, using the automatically coregistered images between the standard ADC map and the structural images of CE-T1WI or T2WI (15, 16) . The coregistration between the structural images and parametric maps (color overlay) was accomplished automatically using mutual information based on an algorithm that facilitated the search for an optimal rigid transformation aligning the 2 data sets (16, 17) . The ADC values were obtained in all cases independently by the 2 radiologists (S.H.K. and S.H.C. with 3 and 13 years of experience, respectively). They determined the extent of viable tumor using both the manual and semiautomatic segmentation methods on CE-T1WI-and T2WI-based evaluations, respectively. Then, all of the ADC values were obtained within the segmented tumor. The mean ADC value was calculated with electronic software (Excel, Microsoft). The measurement of ADC values was performed twice with the manual segmentation method and semiautomatic segmentation method using CE-T1WI and T2WI for structural images, respectively, over a period of 6 months. A total of 8 time measurements were performed for each case, with an interval of at least 2 weeks between the different segmentation methods and between different structural images to reduce the recall bias (e.g., twice with the manual segmentation method on CE-T1WI for structural images, twice with the manual segmentation method on T2WI for structural images, twice with the semiautomatic segmentation method on CE-T1WI for structural images, and twice with the semiautomatic segmentation method on T2WI for structural images).
After measurement of the ADC values, the characteristics of the MR findings were evaluated in all of the patients based on the consensus of the same 2 radiologists. Moreover, the same 2 radiologists consensually selected 1 of 2 ADC values for further assessment of subtracted value between 1st and 2nd mean ADC values to evaluate the intraobserver reliability among the various subgroups that were divided according to the MR imaging findings. The subtracted mean ADC value was obtained independently for each segmentation method on each structural image in every patient. We considered the calculation to be more reliable when the mean difference of the 1st and 2nd ADC value was smaller and closer to zero. The reviewed features of GBM with MR imaging were as follows: tumor size, number of involved lobes, tumor border, proportion of necrosis, inner margin of necrotic portion, and perilesional edema. To obtain the tumor size, the largest diameter was measured on the axial plane of CE-T1WI. The largest diameter of the largest tumor was measured in cases The number of involved lobes was classified into 2 groups i.e., group 1 with involved lobes ≤ 2; and group 2 with involved lobes > 2. The tumor border was defined as well demarcated (infiltrative border ≤ 10%), partially poorly demarcated (10% < infiltrative border < 90%), or fully poorly demarcated (infiltrative border ≥ 90%). The proportion of necrosis was divided into 3 groups i.e., predominantly solid (necrotic portion ≤ 25% of the tumor), solid and cystic (necrotic portion in the range of 25% to 75%), or predominantly cystic (necrotic portion ≥ 75% of the tumor). The inner margin of the necrotic portion was classified as well demarcated (infiltrative inner margin ≤ 25%) or poorly demarcated (infiltrative inner margin > 25%), regardless of the outer tumor margin. The outer and inner tumor margins, as well as the tumor components, were evaluated on the axial plane of CE-T1WI. Perilesional edema was considered when the peritumoral T2 signal different from the tumor increased on the axial T2WI.
A. Manual segmentation method (Fig. 2)
Coregistration between the standard ADC maps and structural images was performed for the first step using commercialized software (Nordic ICE, NordicNeuroLab, Bergen, Norway). Then, 2 observers (S.H.K and S.H.C) outlined the viable tumor on every axial plane of CE-T1WI and T2WI for the structural images to obtain the histogram of the ADC values. The histogram of the ADC values was obtained on the basis of using multiple pixels. We outlined the tumor on CE-T1WI with reference to the enhanced portion and on T2WI with reference to the signal difference, as compared with normal brain parenchyma but avoiding the cystic or necrotic portion, intralesional macrovessels, and perilesional edema. The mean ADC value was calculated manually using the obtained ADC values within the ROI on histogram. The same process was repeated to evaluate intraobserver reliability, with an interval of at least 2 weeks between measurements.
B. Semiautomatic segmentation method (Fig. 2)
The semiautomatic segmentation was performed using a different commercialized software (Nordic TumorEx, NordicNeuroLab, Bergen, Norway). The same 2 observers (S.H.K and S.H.C) manually defined the elliptical volume of interest (VOI), including the entire mass on the structural images of CE-T1WI and T2WI, the software automatically segmented the tumor components only within the defined VOI using clustering analysis. The software provides 3 to 7 clusters without overlaps, within the defined VOI. We used the mode that provided 6 clusters within the defined VOI. Two observers selected at least 1 cluster to include the entire viable portion of the mass. The software was limited in differentiating between the enhanced portion and vascular structures on CE-T1WI and automatically differentiating between perilesional edema and the tumor on T2WI, hence additional manual correction was performed to include only pure, viable tumor. Manual correction was done by drawing or erasing necessary or unnecessary portion of the viable tumor by clicking with the mouse. The major difference between semiautomatic and manual segmentation method is that basic outline of the viable tumor is determined automatically in the semiautomatic segmentation method and drawn manually using the mouse in the manual segmentation method. Thereafter, the histogram of ADC values within the VOI was obtained on the basis of multiple pixels using the Nordic ICE software. The mean ADC value was also calculated manually. The same process was independently repeated to evaluate the intraobserver reliability on CE-T1WI-and T2WI-based structural images, with an interval of at least 2 weeks between measurements.
Statistical Analysis
Statistical analysis was performed using commercially available software (MedCalc, version 12.7.1.0, MedCalc software, Mariakerke, Belgium). We assessed interobserver reliability between 2 observers and intraobserver reliability between the 1st and 2nd measurements in each segmentation method using CE-T1WI-and T2WI-based structural images, respectively. We used the intraclass correlation coefficient (ICC), coefficient of variation (CV), and Bland-Altman plot to evaluate the reproducibility. The ICC values were categorized as follows: < 0.40, poor agreement; 0.40-0.59, fair agreement; 0.60-0.74, good agreement; and ≥ 0.75, high agreement (12) . The CV value was defined as 100 × the standard deviation/mean (%) (18) .
The subtracted mean ADC value between the 1st and 2nd measurements in each segmentation method for the CE-T1WI-and T2WI-based structural images was used to compare the difference in intraobserver reproducibility between the segmentation methods. We considered it more reproducible when the subtracted mean of the ADC value was smaller and closer to zero. The paired t-test was used to compare the difference in intraobserver reproducibility between the segmentation methods in each subgroup, divided by the MR findings. A P-value less than 0.05 was considered as statistical significance. The reformatted axial image of CE-T1WI demonstrates a well-enhanced, solid, and cystic mass with a partially poorly demarcated outer tumor border, as well as a poorly demarcated inner margin of the necrotic portion. Intralesional macrovessels were also noted. (Left column) Coregistrations between structural images (T2WI and CE-T1WI) and the ADC map were performed using the manual segmentation method. Thereafter, the ROI was depicted manually by the reviewers on the axial planes of both T2WI and CE-T1WI. (Right column) Structural images (T2WI and CE-T1WI) and the ADC map were coregistered using the semiautomatic segmentation method. The reviewers manually defined the elliptical VOI, including the entire mass, on structural images. The software automatically segmented the tumor solely within the defined VOI using clustering analysis. Finally, the reviewers depicted appropriate combinations of clusters for tumor segmentation. ADC = apparent diffusion coefficient; CE-T1WI = contrast-enhanced T1-weighted imaging; DWI = diffusion-weighted imaging; MR = magnetic resonance; ROI = region of interest; T2WI = T2-weighted imaging; VOI = volume of interest; WHO = World Health Organization
RESULTS
Tumor Characteristics
The mean tumor size in our study was 5.1 cm. Nine cases showed mass involvement of > 2 lobes (32%), and the remaining 19 cases showed mass involvement of ≤ 2 lobes (68%). Nine cases showed well-demarcated margins (32%), 11 cases showed partially poorly demarcated margins (39%), and the remaining 8 cases showed fully poorly demarcated margins (29%). Only 4 cases showed predominantly solid features (14%); 9 cases showed solid and cystic features (32%), and 15 cases showed predominantly cystic features (54%). Moreover, 5 cases showed well-demarcated inner margins of the necrotic portion (18%), and 23 cases showed poorly demarcated inner margins of the necrotic portion (82%). Definite perilesional edema was present in 25 cases (89%).
Interobserver and Intraobserver Reliability in the Manual and Semiautomatic Segmentation Methods
Mean ADC values were listed in Table 1 , which were evaluated by the 2 radiologists using manual and semiautomatic segmentation methods on CE-T1WI-and T2WI-based evaluation, respectively. The ICC and CV values of the manual and semiautomatic segmentation methods for interobserver and intraobserver reliabilities were listed in Tables 2 and 3 , respectively. Interobserver reliability was not high enough to be used in a clinical context on T2WI-based evaluation, particularly with the semiautomatic segmentation method. For intraobserver reliability, the ICC ADC = apparent diffusion coefficient; CE-T1WI = contrast-enhanced T1-weighted imaging; T2WI = T2-weighted imaging *1st and 2nd indicate the first and second measurement, respectively.
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value was the lowest in the semiautomatic segmentation method on T2WI-based evaluation, and the CV value was the highest among the measurements in both observers. Nevertheless, both the manual and semiautomatic segmentation methods showed high reproducibility in the intraobserver measurements using both CE-T1WI and T2WI for structural images. The Bland-Altman plot analysis also supported the aforementioned findings of high intraobserver reliability in both the manual and semiautomatic segmentation methods (Fig. 3) .
Intraobserver Reliability among the Different Subgroups
We subgrouped our study sample based on the MR findings using the difference in mean ADC value between the 1st and 2nd measurements, to analyze intraobserver reproducibility in specific situations. In the group with involved lobes > 2, there was no significant difference between the segmentation methods in the subtracted mean ADC values without reference to the structural images. However, in the group with involved lobes ≤ 2, the subtracted mean ADC value was significantly larger with the semiautomatic segmentation method than with the manual segmentation method on T2WI-based evaluation (116.13 vs. 49.51, P = 0.0173). There were no significant differences between the methods on CE-T1WI-based evaluation on-line Table 1 . When we subclassified our study sample into 3 groups according to tumor border, there were no significant differences in the subtracted mean ADC values between the methods, either in the group with well-demarcated tumor borders or in the group with fully poorly demarcated tumor borders. However, when the tumor border was partially poorly demarcated, the subtracted mean ADC value was larger with the semiautomatic segmentation method than with the manual segmentation method, with T2WI for structural images (85.08 vs. 30.28, P = 0.0077). On CE-T1WI-based evaluation, there were no significant differences between the methods in the group with partially poorly demarcated tumor border on-line Table 2 .
The proportions of cystic or solid components had no effect on the difference in the subtracted mean ADC values in any of the situations between the segmentation methods on-line Table 3 . The subtracted mean ADC value was significantly higher with the T2WI-based semiautomatic segmentation method than with the T2WI-based manual segmentation method in the group with poorly demarcated inner margins of the necrotic portion (65.24 vs. 33.14, P = 0.02). In addition, there was no significant difference between the segmentation methods, regardless of structural images, when the inner margin of the necrotic portion was well demarcated on-line Table 4 .
For perilesional edema, the subtracted mean ADC value was significantly larger with the semiautomatic segmentation method than with the manual segmentation method on T2WI-based evaluation (100.76 vs. 44.68, P = 0.0121). There was no significant difference in the subtracted mean ADC values with CE-T1WI for structural images on-line Table 5 .
DISCUSSION
We compared interobserver and intraobserver reproducibility between the manual and semiautomatic segmentation methods using the mean ADC value, a parameter derived from DW MR imaging. The main findings of our study were as follows: (a) interobserver reliabilities were high in both segmentation methods on CE-T1WI-based evaluation only, while intraobserver reliabilities were high in both segmentation methods without reference to structural images; (b) higher reproducibility was observed with the manual segmentation method than that with the semiautomatic segmentation method on T2WI-based evaluation, even though no significant difference was found between the 2 methods on CE-T1WI-based evaluation; and (c) the reproducibility of the semiautomatic segmentation method on T2WI-based evaluation was specifically lower than that of the manual segmentation method in the groups with involved lobes ≤ 2, with partially poorly demarcated tumor borders, with poorly demarcated inner margins of the necrotic portion, and with perilesional edema.
The overall interobserver reliability was high in both segmentation methods on CE-T1WI-based evaluation only, while intraobserver reliability was high in both segmentation methods regardless of structural images, but particularly on CE-T1WI-based evaluation. Jung et al. (19) reported that both the manual and semiautomatic segmentation methods were clinically acceptable. Moreover, they reported higher reproducibility for the semiautomatic segmentation method, as compared with the manual segmentation method on CE-T1WI-based evaluation. Our study presented slightly different results when we used mean ADC values to compare interobserver and intraobserver reliability instead of using normalized cerebral blood volume (nCBV) values. We obtained clinically acceptable reproducibility in both segmentation methods on CE-T1WI-based evaluation, but not on T2WI-based evaluation due to low interobserver reliability. Similar to the results by Jung et al. (19) , our results showed higher interobserver reproducibility in the semiautomatic segmentation method than the manual segmentation method on CE-T1WI-based evaluation, even though the gap between them was negligible. Moreover, the automatic segmentation method reportedly has better reproducibility, is less time-consuming, and offers greater benefits in stratifying tumor characteristics (11, 20) . However, we could not support such an idea when using the semiautomatic segmentation method. As stated above, interobserver reliability was slightly better in semiautomatic segmentation method on CE-T1WI-based evaluation than that of manual segmentation method. However, intraobserver reliability for 2 segmentation methods on CE-T1WI-based evaluation was almost the same and even more time consuming in the semiautomatic segmentation method. Thus, according to our results, there are no significant benefits in using semiautomatic segmentation method on CE-T1WI-based evaluation for obtaining histogram of the ADC values in GBM. However, CE-T1WI-based evaluation is known to be much more reproducible than T2WI-based evaluation for both manual and semiautomatic segmentation methods, showing higher interobserver and intraobsever reliability. In addition, the manual segmentation method showed better interobserver and intraobserver reliability, as compared with that of the semiautomatic segmentation method on T2WI-based evaluation when measuring the mean ADC values. Semiautomatic segmentation using clustering analysis is performed with the expectationmaximization algorithm after manually defining the VOI. This algorithm has the limitation of being used only on T2WI to differentiate each cluster, due to the overlapping of T2 signal intensity between normal brain parenchyma and brain lesions (21) . Thus, it remains challenging to develop more effective and reliable semiautomatic segmentation algorithms, particularly when using T2WI for structural images.
We further assessed intraobserver reproducibility in specific situations that were arbitrarily created according to the MR findings. Our study proved that the T2WI-based semiautomatic segmentation method was the least reliable method, particularly in groups with involved lobes ≤ 2, with partially poorly demarcated tumor borders, with poorly demarcated inner margins of the necrotic portion, and with perilesional edema, while both manual and semiautomatic segmentation methods on CE-T1WI-based evaluation are clinically acceptable for assessment of aforementioned subgroups. Relatively similar T1 and T2 relaxation parameters among pathologic brain lesions, brain edema, and fibrotic tissue are obtained on T2WI, as compared with CE-T1WI (20) . It is also known that the differences in signal intensities among the clusters are not sufficient to separate tumor components, such as solid, cystic, or hemorrhagic components, perilesional edema, and perilesional tumor infiltration, automatically on T2WI (10, 22) . According to the aforementioned reports, the T2WI-based semiautomatic segmentation method would be less reproducible in the groups with perilesional edema, with poorly demarcated inner margins of the necrotic portion, and with poorly demarcated outer tumor borders. Contrary to prior reports, the proportions of the tumor components, such as solid and cystic components, did not affect the difference in reproducibility between the manual and semiautomatic segmentation methods. Interestingly, the difference in the subtracted mean ADC values between the segmentation methods was only significantly different in the group with partially poorly demarcated tumor borders and not in the group with fully poorly demarcated tumor borders. When the tumor was fully poorly demarcated, it was also difficult to outline the tumor extent using the manual segmentation method possibly due to the lack of significant difference between the segmentation methods.
Our study had several limitations. First, we included only GBM in the analysis of interobserver and intraobserver reliability and excluded other types of gliomas. This criterion might have allowed for the exclusion of other types of gliomas or other brain tumors because our study was designed for the evaluation of reproducibility between 2 different segmentation techniques. However, there is a possibility of obtaining different results with other types of brain tumors because the characteristics of each brain tumor are different. Further study with larger cohorts with brain tumors might be required. Second, we used consensus mean ADC values of GBM for assessment of various subgroups that were divided according to the MR imaging findings. Therefore, interobserver reliability in various subgroups could not be assessed in our study. Third, although we attempted to reduce recall bias during the measurement of the mean ADC values by allowing for an interval of at least 2 weeks between measurements, the possibility of recall bias could not be completely excluded, and might have critically affected the intraobserver reliability results. However, we measured mean ADC values over a period of 6 months, and the interference of recall bias in our results was extremely low in possibility. Last, our study population was not large enough for subgroup analysis. Further study with a larger study population might be required.
In conclusion, both the manual and semiautomatic segmentation methods on CE-T1WI-based evaluation were clinically acceptable in the measurement of mean ADC values, showing high interobserver and intraobserver reliabilities. It is still challenging to use the segmentation methods on T2WI-based evaluation due to low interobserver reliability, especially in semiautomatic segmentation method. T2WI-based semiautomatic segmentation method should be avoided, particularly in the subgroups of GBM with involved lobes ≤ 2, with partially poorly demarcated tumor borders, with poorly demarcated inner margins of the necrotic portion, and with perilesional edema.
